Background. Higher serum uric acid (SUA) levels have been shown to be associated with cardiovascular disease. SUA levels are also associated with hypertension, a strong risk factor for chronic kidney disease (CKD). However, it is unclear whether SUA is independently associated with CKD. We examined the hypothesis that higher SUA levels are positively associated with CKD. Methods. We analysed data from the C8 Health Study, a population-based study of Appalachian adults aged ≥18 years and free of cardiovascular disease (n = 49,295, 53% women). SUA was examined as genderspecific quartiles. The outcome of interest was CKD (n = 2,980), defined as an estimated glomerular filtration rate of <60 mL/min/1.73 m 2 from serum creatinine. Results. Overall, we observed a clear positive association between increasing quartiles of SUA and CKD, independent of confounders. Compared with the lowest quartile of SUA (referent), the multivariable odds ratios (95% confidence interval) for quartiles 2-4, respectively, of CKD were 1.53 (1.31, 1.78), 2.16 (1.86 2.50) and 4.67 (4.07, 5.36); P-trend < 0.0001. This observed positive association persisted in separate analysis among men (P-trend < 0.0001) and women (P-trend < 0.0001). Conclusions. In conclusion, higher SUA levels are positively associated with CKD, suggesting that at least part of the reported association between SUA and cardiovascular disease may be mediated by CKD.
Introduction
Chronic kidney disease (CKD) is considered to be an independent risk factor for cardiovascular disease (CVD) and CVD mortality [1] . Studies suggest that elevated serum acid levels are also associated with CVD and CVD mortality [2, 3] . Current research shows that higher serum uric acid levels are associated with hypertension [4] [5] [6] [7] [8] and diabetes mellitus [9] , two major risk factors for chronic kidney disease.
An association between serum uric acid and kidney disease is biologically plausible. A recently developed rat model of mild hyperuricaemia demonstrated that mild elevations in uric acid, even within the normal limits, can cause hypertension and renal microvascular disease without causing urate crystal deposition in kidneys [10] . Studies also suggest that uric acid is an active player in processes related to CVD and kidney disease development such as inflammation, endothelial dysfunction and oxidative stress [11, 12] .
In spite of these leads, a few epidemiological studies have explored the independent relationship between serum uric acid and CKD, and the results were not consistent. While some studies reported high uric acid to be associated with renal disease [13] [14] [15] [16] , this finding was not confirmed by others [17, 18] . In this context, we examined the association between serum uric acid and chronic kidney disease in a population-based study of Appalachian adults after controlling for the effect of major confounding factors such as body mass index (BMI), diabetes mellitus and hypertension.
Materials and methods

Study population
The C8 Health Study is a population-based study of Appalachian individuals residing in six communities in West Virginia and Ohio. The study was primarily aimed at examining the health effects of environmental exposures among community residents. The study subjects were examined, and the blood samples were collected between August 2005 and August 2006. The study was approved by the Institutional Review Board of the West Virginia University School of Medicine, Morgantown.
We estimated the participation rate among adults aged ≥20 years using the 2005 census data. The overall study participation rate among adults aged ≥20 years was 81%; this ranged from 70.2% to 94.8% in these six communities. Written informed consent was obtained from each subject at the examination.
In the current paper, out of 69,030 subjects who were examined for the C8 Health Study, we excluded subjects who were <18 years of age (n = 12,476) and those with missing data for variables included in the multivariable analysis, including missing serum creatinine (n = 2,428), smoking status (n = 148), years of school completed (n = 1,346), BMI (n = 13,069), and alcohol intake (n = 2,860). Ninety-six percent of the population was constituted by non-Hispanic whites, 1.24% was non-Hispanic blacks and all other races-ethnicities such as Hispanic and Asian Americans constituted the remaining 2.76%. We additionally excluded subjects with CVD (n = 5931), as that could confound the association between serum uric acid and CKD. This resulted in 49,295 eligible subjects, of whom 2,980 had CKD.
Exposure measurement
The study examination included administering a standardized questionnaire that collected information regarding participants' demographic characteristics and details regarding cigarette smoking, alcohol intake, medical histories and medications taken, including diagnosis of diabetes, hypertension or CVD by a physician. Blood specimens were obtained for measurement of plasma glucose, serum total cholesterol, high-density lipoprotein (HDL) cholesterol and triglycerides. A detailed medical chart review was also performed to verify the accuracy of self-reported diagnoses.
Age was defined as the participant's age at the time of examination. Education was categorized as below high school, high school or above high school. BMI was defined as the participant's self-reported weight in kilograms divided by the height in metres squared. Hypertension was defined as self-reported hypertension diagnosis by a physician and use of antihypertensive medications. Persons were defined as having diabetes mellitus if they already had a diabetes diagnosis by a physician and were treated with insulin, oral hypoglycaemic agents or diet (this information was verified by a nurse from physician records), or were newly classified as having diabetes based on the presence of a casual blood sugar value ≥200 mg/dL (11.1 mmol/L) or fasting glucose ≥126 mg/dL (7.0 mmol/ L); fasting blood samples were available only on a subset of subjects (30.1% of the whole sample). Uric acid was measured by the enzymatic uricase method. The normal analytical range for the serum uric acid in the labs involved was 0.5-12 mg/dL. The normal range in men is 3.6-8.4 mg/ dL and in women is 2.9-7.5 mg/dL [19] .
Outcome of interest: chronic kidney disease
Serum creatinine was measured using a kinetic rate Jaffe method consistent with the current National Kidney Disease Education Program (NKEDP) recommendations for serum creatinine measurement [20] . Glomerular filtration rate (GFR) was estimated from serum creatinine using the re-expressed four- [22] and the Kidney Disease Improving Global Outcomes (KDIGO) [23] .
Statistical analysis
We examined serum uric acid as gender-specific quartiles-quartiles 1-4 in women: <3.8, 3.9-4.6, 4.7-5.5 and >5.5 mg/dL; quartiles 1-4 in men: <5.4, 5.5-6.2, 6.3-7.1 and >7.1 mg/dL. We also analysed serum uric acid as a continuous variable after a logarithmic transformation due to its skewed distribution. The odds ratio (OR) [95% confidence interval (CI)] of CKD was calculated for each serum uric acid quartile, with the lowest quartile as the reference, using multivariable logistic regression models. We used two models: the unadjusted model and the multivariable model adjusted for age (years), race-ethnicity (non-Hispanic whites, nonHispanic blacks or all others), education categories (<high school, high school or >high school), smoking (never, former or current), alcohol intake (never, former or current), body mass index (normal, overweight or obese), diabetes mellitus (absent or present), hypertension (absent or present) and serum cholesterol (milligram per decilitre). Trends in the OR of CKD across increasing serum uric acid quartiles were determined by modelling serum uric acid as an ordinal variable. Similarly, we examined serum uric acid as a continuous variable using the unadjusted and multivariable-adjusted logistic regression models. We also examined the direct relationship between serum uric acid and estimated glomerular filtration rate using multivariable-adjusted linear regression models.
To examine the consistency of the association between serum uric acid and CKD, we performed subgroup analyses by gender (women and men), age (<60 and ≥60 years) and BMI categories (<25 and ≥25 kg/m 2 ). The observed association between serum uric acid and CKD may be explained by the presence of diabetes mellitus or hypertension, as these are strong risk factors for CKD and are also shown to be related to high uric acid levels. Therefore, we repeated the analysis among study subjects who were free of diabetes mellitus and hypertension (n = 37 398). Finally, to examine whether the observed association between serum uric acid and CKD is due to reverse causality, i.e. hyperuricaemia secondary to severe renal failure, we conducted a sensitivity analysis. We examined the association between serum uric acid and CKD after excluding study subjects with clinical evidence of severe renal failure, defined as a serum creatinine ≥2 mg/dL. Uric acid-lowering medications used to treat gout such as allopurinol may affect the association observed between serum uric acid and chronic kidney disease. Therefore, in a supplementary analysis, we excluded subjects who were taking uric acid lowering medications (n= 335) and repeated the analysis among study subjects who were not taking uric acid lowering medications (n= 48,960). All analyses were performed in SAS version 9.2 (SAS Institute, Cary, NC, USA).
Results
Among 49,295 Appalachian adults ≥18 years of age and without clinical cardiovascular disease included in the current analysis, there were 26,346 women and 22,949 men. Overall, 2,980 subjects had CKD, including 1,977 women and 1,003 men. Among patients with CKD, 71.1% had minor renal damage (eGFR 50-60 mL/min/1.73 m 2 range), 23.4% had an eGFR range of 49.9-35 mL/min/1.73 m 2 , 4.7% had and an eGFR range of 34.9-15 mL/min/1.73 m 2 and 0.8% had an eGFR range <15 mL/min/1.73 m 2 . Also, 65.4% of subjects with CKD were elderly (aged ≥60 years). Table 1 presents the characteristics of the study population by serum uric acid quartiles. Those individuals who were in higher serum uric acid quartiles were more likely to be high school educated, never and former smokers, and never drinkers, and more likely to have higher BMI and hypertension and higher total cholesterol levels. Also, in a supplementary analysis, we found that the mean serum uric acid level (SE) was 5.6 mg/dL (0.01) among never smokers, 5.8 mg/dL (0.01) among former smokers, 5.3 mg/dL (0.02) among current smokers smoking <1 pack/day, 5.4 mg/dL (0.02) among current smokers smoking 1-2 packs/day and 5.8 mg/dL (0.09) among current smokers smoking >2 packs/day. Similarly, by drinking frequency, the mean serum uric acid level (SE) was 5.5 mg/dL (0.14) among never drinkers, 5.5 mg/dL (0.12) among former drinkers, 5.6 mg/dL (0.1) among current drinkers drinking <1 drink/day, 6.1 mg/dL (0.03) among current drinkers drinking 1-3 drinks/day and 6.3 mg/dL (0.07) among current drinkers drinking >3 drinks/day. Table 2 presents the ORs of CKD by increasing serum uric acid quartiles in the entire cohort. Serum uric acid quartiles were positively associated with CKD in both the unadjusted and the multivariable-adjusted model; Table 3 presents the ORs of CKD by increasing serum uric acid quartiles separately in women and men. Among both women and men, there was a clear positive association between increasing serum uric acid quartiles and CKD in both the age-adjusted and the multivariable-adjusted Adjusted for age (years), race-ethnicity (non-Hispanic whites, non-Hispanic blacks or others), education categories (<high school, high school or >high school), smoking (never, former or current), alcohol intake (never, former or current), body mass index (normal, overweight or obese), diabetes (absent or present), hypertension (absent or present) and serum cholesterol (milligram per decilitre). model; models evaluating the trend in this association were statistically significant. Table 4 presents the ORs of CKD by increasing serum uric acid quartiles separately in those <60 and ≥60 years. For each age category, there was a clear positive association between increasing serum uric acid quartiles and CKD in both the age-adjusted and the multivariable-adjusted model; models evaluating the trend in this association were statistically significant. Table 5 presents the ORs of CKD by increasing serum uric acid quartiles by BMI categories. There was a clear positive association between increasing serum uric acid quartiles and CKD in both the age-adjusted and the multivariable-adjusted model among both normal weight (BMI <25 kg/m 2 ) as well as overweight/obese (BMI ≥25 kg/m 2 ) adults; models evaluating the trend in this association were statistically significant. Table 6 presents the ORs of CKD by increasing serum uric acid quartiles after excluding those with hypertension and diabetes. Consistent with previous results, increasing serum uric acid quartiles were positively associated with CKD in both the unadjusted and multivariable-adjusted model; models evaluating the trend in this association were also statistically significant. Table 7 presents the ORs of CKD by increasing serum uric acid quartiles after excluding those with serum creatinine levels ≥2 mg/dL. Consistent with previous results, increasing serum uric acid quartiles were positively associated with CKD in both the unadjusted and multivariableadjusted model; models evaluating the trend in this association were also statistically significant.
A supplementary analysis was conducted excluding individuals who were taking uric acid-lowering medications. Compared with the lowest serum uric acid quartile, the multivariable OR (95% CI) of CKD was 1.56 (1.33, 1.82), 2.17 (1.87, 2.52) and 4.75 (4.13, 5.47); P-trend < 0.0001. In another supplementary analysis, we examined the association between serum uric acid and CVD. In the unadjusted model, we found a strong positive association between increasing serum uric acid quartiles and CVD. Compared with the lowest serum uric acid quartile (referent), the unadjusted OR (95% CI) of CVD was 0.98 (0.90, 1.07), 1.17 (1.07, 1.27) and 1.84 (1.71, 1.99); P-trend < 0.0001. However, the association was attenuated with multivariable adjustment of confounders, including age, race-ethnicity, education, smoking, alcohol intake, body mass index, diabetes, hypertension and serum cholesterol. Compared with the lowest serum uric a Estimated from multivariable logistic regression model adjusted for age (years), race-ethnicity (non-Hispanic whites, non-Hispanic blacks or all others), education categories (<high school, high school or >high school), smoking (never, former or current), alcohol intake (never, former or current), body mass index (normal, overweight or obese), diabetes (absent or present), hypertension (absent or present) and serum cholesterol (milligram per decilitre). Table 7 . Association between serum uric acid levels and CKD in the whole cohort, excluding those with serum creatinine levels ≥2 mg/dL 
Discussion
In a population-based study of Appalachian adults, increasing serum uric acid levels were positively associated with CKD, independent of age, gender, smoking status, alcohol intake, education, diabetes mellitus, hypertension, BMI and total cholesterol. The association between serum uric acid and CKD remained consistent in subgroup analyses by gender, BMI and among subjects without diabetes and hypertension. Several lines of recent evidence suggest that an association between uric acid and CKD is plausible. In recent rat models, mild hyperuricaemia caused renal microvascular disease without crystal deposition in kidneys [24] . The mechanism for the renal changes in the aforementioned rat model predominantly involves activation of the reninangiotensin system and inhibition of the endothelial nitric oxide systems [11, 12, 24] .
Hyperuricaemia may also be caused secondarily by renal impairment [25] . Urate handling by the kidneys involves filtration at the glomerulus, reabsorption, secretion and, finally, post-secretory reabsorption at tubules which are handled by multiple organic anion transporters that have been recently identif ied such as the urate/anion exchanger (URAT1), the human organic anion transporter (hOAT1) and the urate transporter (UAT) [26] . Consequently, elevated serum uric acid levels-as observed in our study-may result secondary to decreased glomerular filtration, decreased tubular secretion or enhanced tubular reabsorption. Decreased urate filtration can contribute to the hyperuricaemia of renal insufficiency. Decreased tubular secretion of urate occurs in patients with acidosis (e.g. diabetic ketoacidosis, ethanol or salicylate intoxication, or starvation ketosis). The organic acids that accumulate in these conditions compete with urate for tubular secretion. Finally, enhanced reabsorption of uric acid distal to the site of secretion is the mechanism thought to be responsible for the hyperuricaemia observed with diuretic therapy and diabetes insipidus.
Our finding of a positive association between higher serum uric acid level and CKD shows high internal validity, as shown by the magnitude of the association, independence from confounding factors such as age, smoking, alcohol intake and other factors, a positive dose-response trend, and consistency of association in subgroup analyses by gender and BMI. As diabetes and hypertension are strong, independent risk factors for CKD and also related to higher uric acid levels, it is possible that the observed association between uric acid and CKD is explained by these CKD risk factors. However, when we examined the association between serum uric acid and CKD among study subjects free of diabetes and hypertension, the results were found to be consistent with the main multivariable findings, suggesting an association independent of diabetes and hypertension. Also, our results of a positive association between uric acid and CKD are consistent with most previous studies [13] [14] [15] [16] , but not all [17, 18, 27, 28] .
Our initial findings showed that subjects in higher serum uric acid quartiles were less likely to be current smokers and more likely to be former smokers. Although these findings are contrary to conventional wisdom, these are consistent with recent research which found that subjects with hyperuricaemia were less likely to be current smokers and more likely to be former smokers [29] . However, in a supplementary analysis, we also found that the mean serum uric acid level was highest in former (5.8 mg/dL) as well as in current smokers who reported smoking >2 packs/day (5.8 mg/dL), suggesting that current heavy smoking was also related to hyperuricaemia in addition to former smoking. Similarly, our initial findings showed that subjects in higher serum uric acid quartiles were less likely to be current drinkers. Although these findings are contrary to conventional wisdom, in a supplementary analysis, we also found that heavy drinkers (>3 drinks/day) had the highest serum uric acid level in our study population, consistent with previous reports [30] .
Based on our findings, a corollary observation is that strategies to reduce serum uric acid, including dietary changes such as lower intake of fructose-and sugarsweetened beverages and red meat [31] , and uric acidlowering drugs such as allopurinol [16] , may be useful in preventing or arresting the progression of kidney disease. Reducing levels of serum uric acid may also reduce hypertension [4] [5] [6] [7] [8] and diabetes [9] , which are strong risk factors of kidney disease. Finally, reduction in kidney disease through uric acid-lowering medication may indirectly help in reducing CVD and CVD mortality. In this context, in a recent randomized controlled trial of 54 hyperuricaemic patients with CKD from China, Siu et al. [16] reported that uric acid-lowering medication with allopurinol was associated with a lower serum creatinine level in the treatment group compared with controls after 12 months of therapy, although it did not reach statistical significance (P = 0.08). Future randomized intervention trials with larger sample sizes (and therefore adequate statistical power) are needed to investigate whether uric acidlowering medication can, in fact, improve renal function.
The major strengths of our study are its large sample size, standardized methods of data collection, detailed measurement of biomarkers that represent potential confounding pathways such as serum cholesterol, and diabetes status. The internal validity of our results is high, as we stratified by gender, BMI, diabetes and hypertension, and performed multivariable adjustment of confounders. The first major limitation of this study is its cross-sectional design. Therefore, we are unable to draw any conclusions about the temporal association between serum uric acid and chronic kidney disease. Secondly, the large representative sample is primarily comprised of whites, reflecting the typical Appalachian community. Therefore, our results may not be generalized to other populations. Even though we showed that a supplementary analysis (Table 7) excluding those with serum creatinine levels ≥2 mg/dL yielded similar results as the main analysis, the possibility of reverse causality cannot still be definitely ruled out.
In conclusion, in a population-based sample of Appalachian adults, we found that increasing serum uric acid levels were positively associated with CKD. This association appeared to be independent of age, gender, smoking status, alcohol intake, education, diabetes mellitus, hypertension, BMI and total cholesterol levels. If supported by future prospective studies, uric acid-lowering medication may be an effective strategy to prevent and/or arrest CKD.
